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ABSTRACT 



I discuss how the basic phenomenon of asymptotic freedom in QCD can be un- 
derstood in elementary physical terms. Similarly, I discuss how the long-predicted 
phenomenon of "gluonization of the proton" - recently spectacularly confirmed at 
HERA - is a rather direct manifestation of the physics of asymptotic freedom. 
I review the broader significance of asymptotic freedom in QCD in fundamental 
physics: how on the one hand it guides the interpretation and now even the design 
of experiments, and how on the other it makes possible a rational, quantitative 
theoretical approach to problems of unification and early universe cosmology. 
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I am very pleased to accept your award today. On this occasion I think it 
is appropriate to discuss with you the circle of ideas around asymptotic freedom. 
After a few remarks about its setting in intellectual history, I will begin by ex- 
plaining the physical origin of asymptotic freedom in QCD; then I will show how 
a recent, spectacular experimental observation - the 'gluonization' of the proton - 
both confirms and illuminates its essential nature; then I will discuss some of its 
broader implications for fundamental physics. 

It may be difficult for young people who missed experiencing it, or older people 
with fading memories, fully to imagine the intellectual atmosphere surrounding the 
strong interaction in the 1960s and early 1970s. It is quite instructive to look into 
the literature of those times. Many if not most theoretical papers dealing with 
the strong interaction contained an obligatory ritual mantra wherein the S-matrix 
or bootstrap was invoked, before getting down to their actual point (often rather 
tenuously connected to those theological principles). Use of strict quantum field 
theory was considered to be naive, in rather poor taste, an occasion for apology. 
One hears an echo of these attitudes even in the conclusion of Gell-Mann's famous 
1972 summary talk at the NAL conference: 

"Let us end by emphasizing our main point, that it may well be possible to 
construct an explicit theory of hadrons, based on quarks and some kind of glue, 
treated as fictitious, but with enough physical properties abstracted and applied 
to real hadrons to constitute a complete theory. Since the entities we start with 
are fictitious, there is no need for any conflict with the bootstrap or conventional 
dual parton point of view." 

What were the reasons for this suspicion of quantum field theory, which in 
retrospect appears strange? Part of the reason was historical. The late 1940s 
and early 50s saw what appeared on the face of it to be a great triumph for 
quantum field theory, the triumph of renormalization theory in QED. However 
the procedures developed at that time for solving, or even making sense of, the 
equations of QED were intrinsically tied to a perturbative expansion in powers of 
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the coupling constant. For QED this couphng is indeed small, but in the then- 
current candidate quantum field theory of the strong interactions, Yukawa's tt 
meson theory, it was clear that the coupling would have to be large for the theory 
to have any chance of agreeing with experiment. Thus although this theory was 
not known to be wrong, it was certainly useless in practice. Attempts to solve the 
theory without resorting to perturbation theory did not succeed, both for practical 
reasons and for a fundamental one that we will discuss momentarily. 

As the rich phenomenology of resonance physics was discovered, theorists for 
the most part made progress toward digesting it not by the top-down approach 
of deriving mathematical consequences from a powerful fundamental theory, but 
rather by more modest methods based on symmetry and high-class kinematics. 
(In the category of high-class kinematics I include dispersion relations, derived 
from causality, and S-matrix model-building guided by pole-dominance or narrow- 
resonance approximations together with the constraint of unitarity.) 

Thus quantum field theory gradually lost much of its luster. The successes of 
field theory in QED were rationahzed as due to a lucky accident. One could to a 
certain extent recover these successes from the less committal point of view fash- 
ionable in strong interaction physics, along the following lines: the weak coupling 
expansion of quantum field theory is essentially a systematic way of unitarizing 
the single pole amplitude for photon exchange, supplemented with the assump- 
tion that the relevant dispersion relations need no subtraction. This philosophy 
appeared especially sensible given that renormalization theory failed even for the 
other available weak-coupling theories of the weak interactions and of gravitation, 
while the modest semi-kinematic approach worked perfectly well in these domains, 
and was extremely fruitful in untangling the weak interactions of hadrons. 

But the difiiculties in accepting quantum field theory at face value were not 
only matters of history and sociology. The only powerful method for extracting 
consequences from non-trivial interacting quantum field theories was perturbation 
theory in the coupling. This perturbation theory, implemented in a straightforward 
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way, gave infinite results order by order due to the exchange of highly virtual 
quanta. Tomonoga, Schwinger, and Feynman, building on qualitative insights of 
Kramers and Bethe, were able to make sense of the perturbation theory term by 
term, using a tricky limiting procedure that in modern terms amounts to expressing 
the perturbation theory in terms of the effective coupling at a small momentum 
typical of the physical situation considered. The convergence of the perturbation 
theory, upon which the renormalization procedure hinged, was very doubtful (in 
fact it fails to converge for almost any non-trivial theory, though in favorable cases 
it can be rescued by Borel resummation.) 

What now appears to be the most profound point was made by Landau [1]. 
In modern language, his point was that in a non- asymptotically free theory the 
coupling instead of decreasing logarithmically at small distances would increase, 
and inevitably become large. Thus the procedure of expanding in a small low- 
energy effective coupling only hid but did not remove the inevitable appearance 
of strong couplings among the virtual quanta, which invalidate the perturbation 
series. Indeed the fundamental bare coupling, which to satisfy the requirement 
of locality in a theory of particles must be fixed at infinitely small separations, 
formally diverges to infinity. If one defines the theory by a regularization or cut- 
off procedure, which roughly speaking corresponds to specifying the coupling at a 
small but finite distance and letting this distance become smaller and smaller while 
adjusting the coupling accordingly, then to obtain finite results at finite distances 
the bare coupling must be taken to zero. But doing that, of course, leads to a trivial, 
non-interacting theory. Landau's argument that non- asymptotically free theories 
cannot exist is not rigorous, because the logarithmic running of the coupling on 
which it is based can only be derived at weak coupling. (It is a fully convincing 
argument that such theories cannot be constructed perturbatively.) Yet later work 
in "destructive field theory" has largely vindicated Landau's intuition, and showed 
that many theories, almost certainly including QED and Yukawa's pion theory, in 
fact do not exist (or are trivial) despite the fact that their perturbative expansions 
are non-trivial term by term. 
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Developments in the late 1960s and early 70s put these issues in a new light. 
The successful use of non-abelian gauge theories to construct models for the electro- 
weak interactions [2], and 'tHooft's proof of their renormalizability [3], provided a 
wider perspective in which to view the earlier success of QED. They made it seem 
less plausible that the successful use of quantum field theory in QED was a lucky 
fluke. They also raised the possibility that the unification of electrodynamics with 
other interactions would cure its most severe fundamental problem, the Landau 
problem just described. 

On the other hand, the success of the quark-parton model [4] in describing 
the results of the SLAG deep inelastic electroproduction experiments created a 
rather paradoxical situation for the theory of the strong interaction. The quark- 
parton model was based, essentially, on an intuitive but not wholly consistent use 
of non-interacting field theory for the supposed constituents of strongly interacting 
hadronic matter. Landau's argument was meant to be a reductio ad ahsurdum - 
showing that the only consistent quantum field theories must be non-interacting 
at short distances, and therefore trivial. It seemed as if Nature accepted Landau's 
argument, but failed to draw the obvious, absurd conclusion! This craziness, to- 
gether with the vulgar problem that the quarks were never observed as individual 
particles, helped foster that skepticism both of quantum field theory and of the 
real existence of quarks, which Gell-Mann expressed so eloquently. 

After this prelude, let us take up our theme. 
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1. Understanding Asymptotic Freedom in QCD 

1.1. The Challenge of Understanding 

When we first discovered it [5, 6] the asymptotic freedom of QCD was simply 
the result of a calculation, and we had no simple physical explanation for it. In- 
deed the technology for quantizing and renormalizing gauge theories was new and 
relatively raw at the time, and we had to work hard to convince first ourselves and 
then others that our result had any physical meaning at all. Statements about the 
off-shell behavior of Green's functions involving correlations among unobscrvablc 
particles (gluons, quarks) had, and probably still do have, a certain air of unreality 
about them, especially given that they occur in the context of a gauge theory, 
where it is so easy to write down meaningless - i.e. non-gauge invariant - ex- 
pressions. Nevertheless, the mathematical consistency of our procedures was soon 
generally appreciated. When joined with pre-existing intuitions from the quark- 
parton model [4] which they both roughly justified and refined, these procedures 
produced a simple yet concrete and quantitative physical picture of many phenom- 
ena in strong interaction physics, an example of which 1 will discuss in §2. Yet a 
simple, satisfying physical picture of the phenomenon of asymptotic freedom itself 
emerged surprisingly late, principally in the work of Nielsen [7] and Hughes [8], as 
I shall now discuss. 

Part of the difficulty with understanding asymptotic freedom is that its oppo- 
site, the screening of charge, is so common and familiar. The screening of charge 
by a dielectric medium is a concept that goes back to Faraday. A pointlike pos- 
itive charge in a medium pulls negative charges toward it, partially neutralizing 
itself and thus exerting a weaker influence at large distances than if it would if 
it were in vacuo. Quantum field theory introduces the innovation that even the 
vacuum must be regarded as a dielectric of sorts - a polarizable medium of virtual 
particles. Thus the effective coupling at large distances in the quantum theory is 
modified from classical expectations. One would perhaps be tempted to retain the 
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intuition that the effective charge strength would decrease with distance, as for 
an ordinary dielectric. And indeed this sort of behavior was shown to occur in a 
variety of examples by Landau and his school. As I already mentioned, Landau 
attached tremendous significance to these results, arguing that any finite value 
for the charge attached to a pointlike particle would be completely neutralized 
at finite distances. Since it is difficult to implement relativistic invariance except 
for pointlike objects*. Landau concluded that the only truly consistent relativistic 
quantum field theories are trivial, non-interacting ones. Later systematic work us- 
ing the mature techniques of quantum field theory in a very wide class of examples 
confirmed that screening is the generic behavior [9, 10] if one excludes nonabelian 
gauge interactions. 

1.2. Antiscreening as Paramagnetism: The Importance of Spin 

It is ironic that the physical behavior to which we will ultimately trace asymp- 
totic freedom was well known to Landau, and central to one of his major interests, 
the quantum theory of magnetism. In a relativistic theory we must have the re- 
lationship efj, — 1 between the dielectric constant and the magnetic susceptibility. 
(Indeed one can think of e as the coefficient of the electric term E ■ D oc eFoiF"^ 
and as the coefficient of the magnetic term B ■ H oc ijL~^FijF^^ in the action, 
and these will form an invariant combination only if e = Thus normal elec- 

tric screening behavior e > 1 is associated with diamagnetism, < 1. However 
one knows that diamagnetism is not the universal response of matter to an ap- 
plied magnetic field. Indeed it is a familiar and important result in the theory of 
metals [11], that for an ideal Fermi gas of non-interacting electrons the Landau 
diamagnetism associated with moments generated by orbital motion is dominated 
by the Pauli paramagnetism arising from alignment of elementary spin moments. 
Of course this analogy is far from conclusive, since in metals one is dealing with a 
non-relativistic system of real particles rather than a relativistic system of virtual 

★ Modern string theory does this, but also illustrates how difficult it is to do! 
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particles. But it does alert one to the possible significance of spin in generating 
anti-screening behavior. Indeed we shall see that asymptotic freedom can be quite 
directly attributed to the paramagnetic response of the gluons' spin. 

As a step toward making these analogies precise, it is very helpful to re-cast 
the field theory problem of interest into a form resembling a many-body problem 
about which we have pre-existing experience and intuition. The standard way to 
write the classical Lagrangian density for a nonabelian gauge theory is 

£ = —GlpG"'"'^ + ip{iYD^-m)ip + (p^-D^D'' - n'^)(f) + other terms (1.1) 

where the field strength is defined as = (9q,A^ — dpA'^ — gf'^^'^A^A'j^ with the 
structure constants /"'"^, and in the matter fields the covariant derivative Di^ — 
-\- igA^ ■ occurs, where the T°- are the appropriate representation matrices 
(e.g., the Pauh matrices | for the fundamental representation of SU{2), or the 
Gell-Mann matrices | for the fundamental representation of SU(3)). The 'other 
terms' might include Yukawa couplings and scalar field self-interactions, but do not 
depend upon the gauge field. By redefining gA — > A we can isolate the coupling 
constant, in the form 

C = -J^G'^^G"'"^ +ip{ij''D^-m)ip + (p^-D^D'' +other terms (1.2) 

where now G"^ = daA^^ - dpA^ - f^^^A^^A^p and = a,. + lA^ • r«, so that the 
only appearance of g is in the coefficient of the first term. 

We would like to compute the magnetic susceptibility of the vacuum, i.e. es- 
sentially the energy density required to set up a magnetic field of given strength B. 
At first sight this is completely trivial; from (1.2) it is just ■^B'^. However (1.2) is 
only the classical Lagrangian, and in interpreting it quantum mechanically we must 
be careful, because the innocent-looking classical fields become rather singular un- 
bounded operators ... In other words, we must do something about regulating the 
short-distance ultraviolet diverges that appear when one actually computes any 
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specific process starting from (1.2). A pragmatic approach well suited to our pur- 
poses is simply to throw out the modes whose energy exceeds a cutoff value A. 
Then when we compute the total energy associated with the magnetic field, we 
will have to take into account zero-point energy associated with the modes of the 
various vector, spinor, and scalar fields. The value of these zero-point energies de- 
pends, of course, on the strength of the ambient magnetic field. It is precisely this 
effect that gives non-trivial dependence, beyond the classical result, of the vacuum 
energy on the value of an applied magnetic field. This phenomenon is really quite 
analogous to the corresponding situation for metals, where now the Dirac sea is 
playing the role of the filled Fermi surface. 

Reserving the technical details of this computation for the following section, 
let me now quote the answer. One finds for the zero-point contribution A£^ to the 
energy density the expression 

£: + A£: = i^^f' - + finite, (1.3) 

where 

= ^[-m^o)-2T(i?i) + 2T(i?i))] + -i^[3(-2T(i?i) + 8T(i?i))], (1.4) 

and the terms not displayed are finite as (? — and A — oo. The reason for the 
notation g^{ls?) will emerge presently. The factor T{Rs) is the trace of the repre- 
sentation for spin s, and basically represents the sum over the squares of charges 
for the particles of that spin. (Each species of course contributes proportional to 
the square of its charge; one power for the force felt in a given field, and a second 
power for the strength of field generated due to a given response.) The denomina- 
tor of the logarithm has been chosen by dimensional analysis; with this choice one 
expects - and finds - no anomalously large finite parts. 

The different pieces of (1.4) have a very simple and appealing intuitive expla- 
nation, as follows. Imagine starting with the cutoff at A and moving it to a smaller 
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A' by integrating out the modes with intermediate energies. We see that these 
modes contribute 



In the second hne we have indicated the interpretation of the result as a suscepti- 
bihty from the indicated modes. Here is the rigorous embodiment of the heuristic 
"susceptibihty of the vacuum" . 

Given this now very concrete interpretation, it is easy to appreciate the physical 
content of the formula (1.4). For small g, we have 



in which the contribution to the susceptibility from modes with energies between A 
and A' is identified explicitly. As in the theory of metals, there are two components 
to the magnetic response: the first half of (1.6), which arises from the orbital motion 
of the charged particles, which is induced by the magnetic field and generates a 
counter magnetic moment (Lenz's law); and the second half, which is induced by 
the tendency of spin moments to line up with the applied field and enhance it. For 
free electrons with a gyromagnetic ratio gm — 2, the paramagnetic response is three 
times as strong as the diamagnetic response [11]. The same result holds true for 
the abstract spin-| fermions in our case - indeed, basically the same calculation 
is involved. For spin-1 particles in non-abclian gauge theory, the gyromagnetic 
ratio is again 2, as we shall explicitly derive below. This value is no accident, but 
is required by very general arguments about high-energy behavior [12]. Since the 
spin for the vector bosons is twice as large, there is a factor of four enhancement of 
the paramagnetic contribution compared to fermions. Summing over the degrees of 




(1.5) 




- 1 = 



(1.6) 
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freedom, we have now 'derived' (1.6), up to an overall normalization, using nothing 
but simple qualitative arguments. The possibility of > 1 is already manifest in 
(1.6), and as we have seen this implies, in a relativistic theory the possibility of 
antiscreening behavior for electric charge. 

Actually, to be perfectly honest I should now mention explicitly two small sub- 
tleties that have been smuggled into the equations. One subtlety is that the spin-1 
particles must be regarded as having just two degrees of freedom - the longitudinal 

component is unphysical. The second is that for virtual spin-^ particles the overall 
sign must be reversed compared to to response of real particles. This is because 
we are computing a zero-point energy, and the zero-point energy of fermions is 
negative. 

Having understood the basic physical phenomena it embodies, let us now return 
to consider the implication of (1.3) for observable quantities. It is imperative, in 
our description of what ought to be a physically meaningful, unambiguous quan- 
tity, to remove reference to the conventional and arbitrary cutoff A. This is a 
standard problem for the renormalization program [13, 14]. The point is that if 
we are working with probes characterized by energy and momentum scales well 
below A we expect that our capacity to affect, or be sensitive to, the high-energy 
modes will quite restricted, so that we should be able to form a useful approximate 
description in which these modes are integrated out and do not appear as indepen- 
dent dynamical variables. In this low-energy description, we should demand that 
physical quantities are essentially independent of the precise value of the cutoff, as 
long as it is large. We can achieve this for (1.3) if we define an effective coupling 
in such a way that the right-hand side becomes independent of A, as follows: 



1 



r;ln(— ) . 




const. = 



,2(^2) 
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Even better, we can remove some clutter by using the differential form 
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Wc sec that the effective coupUng decreases as a function of the cutoff scale A, 
tending as the inverse logarithm of A toward zero as A ^ oo, as long as there 
are not too many quarks, i.e. for 77 > 0. Although we have done a calculation 
that is only valid to the first order in g^, the conclusion that once the coupling 
becomes small it settles toward zero is self-consistent and secure. This behavior of 
the effective coupling, its running with energy scale, is the essence of asymptotic 
freedom. 

Now in order to get an accurate result for the energy, we should choose a 
cutoff A^ of order B. Otherwise the logarithm in (1.3) will become large, and 
perturbation theory will not be applicable. Summarizing then our calculation of 
the energy associated with a magnetic field, we have 

^ + 0{B^) , (1.9) 



2^2(5) 

where on the right-hand side quantum corrections are implemented with a cutoff 
at the energy scale y/B, and no large logarithms occur in the corrections. As this 
scale is increased - in other words, as the cutoff is removed - the effective coupling 
g{B)'^ shrinks. Tracing back through the logic, we recognize that it is indeed the 
paramagnetic response of the charged spin-1 gauge bosons present in non-abelian 
gauge theories which, by ensuring r] > 0, was responsible for the smallness of the 
effective coupling at large energy (or magnetic field) scales. 

So far we have been discussing what might appear to be a very special and 
somewhat esoteric aspect of our theory, that is the energy associated with a mag- 
netic field. It may not be transparently obvious how to connect this to electric 
charge screening, or to more general physical processes. But actually these con- 
nections are not very hard to see. Indeed they are more or less immediate con- 
sequences of the fact that, due to restrictions imposed by gauge and relativistic 
invariance, there is only a single inverse coupling parameter 4j appearing in (1.2) 
which governs the 'stiffness' or difficulty in exciting the gauge fields. We have 
found that in the quantum theory this must be regarded as a running parameter. 
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whose value depends on how far we have integrated out the high-energy modes. 
In a low-energy process we will find that it is appropriate (technically, as in the 
discussion around (1.9), in order that we avoid large corrections) to integrate more 
of the modes out, and we will find a larger effective g; conversely, of course, for 
high-energy processes the appropriate effective g becomes small 

1.3. The Core Calculation 

Having argued on qualitative grounds that its form is physically plausible, and 
that asymptotic freedom is its direct consequence, now let us actually demonstrate 
(1.4). 

The paramagnetic contribution to r) from spin components ±s is easy to com- 
pute. Let us assume unit charge and gyromagnetic ratio gm- We are interested 
in highly virtual modes, with a cutoff much larger than the mass of the particles 
involved, so we will take them to be massless (but ignore the infrared divergences 
this entails). One has the shifts in energy E"^ = kf + k2 + ^ E"^ ± gmBs. Thus 
for the zero-point energy density there is the shift 

E=A 

j—^-{Vk^ + 9msB + - 9msB - 2VF) . (1.10) 



Expanding to second order in B and doing the angular integrals one finds quite 
simply 

A^--«W^/=^. (1.11) 



This is essentially the second half of (1.3), with g^ — 2 and T{R) — 1. The 
group theoretic factors are easy to restore, and will be left as an exercise for the 



* This formulation is somewhat loose, in that for most interesting physical processes it is 
not possible to make a unique clean identification of an overall large energy scale; but it 
indicates the essence of the matter. There is a highly developed technique, one small portion 
of which we shall sample in §2, for isolating observables which do have a characteristic large 
scale. 



14 



reader. I shall return shortly to address the question of the numerical value of the 
gyromagnetic ratio. 

It is trickier to compute the contribution to 77 from orbital motion. Let us 
describe our constant magnetic field in the Landau gauge: Ay — Bx with other 
components vanishing. Then the Klein-Gordon equation reads 

and has solutions of the type 

= e'^^-y+^^'hn{x-^) (1.13) 

with eigenvalue = /cg + S(n + 5), where Xn is the standard harmonic oscillator 
wave function for an oscillator of frequency the cyclotron frequency \fB. These 
solutions are highly degenerate, labelled by the integer Landau level parameter n 
and the momentum ^3. If we consider the states within a cube of side L, then 

the displacement k2/B of the oscillator must satisfy < k2/B < L, which shows 
that the density of states in an interval Aks is Ak2Aks/{2'K)'^ = ^Afcg per unit 
volume for each value of n. 

Thus we have for the zero-point energy density 



^0 = E 2jdkse{A'-kl-B{n+^-))ykl + B{n + l) 

, ° (1.14) 

I S 2J 
n=0 

(There is a factor of 2 because ks can be either positive or negative.) This expres- 
sion is rather awkward due to the appearance of sums rather than integrals. For 
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our purposes, it is sufficient to stop after the ffist non-trivial term of the Euler- 
Maclaurin expansion 



= / dngin)-^ig\p + l)-g'{0)) + ... (1.15) 
n=o i 

because higher order terms will bring in extra powers of 5/A2.* You may check, 
applying (1.15) to (1.14), that the integral term is independent of B. The important 
term comes from the derivative at zero, and takes the form 



S2 1 



2 967r2 



(1.16) 

InA^ . 



This gives us the remaining (first) half of (1.3). 

There are no cross-terms between the orbital and spin pieces: the shift in the 
range of integration is opposite for opposite spins, and so the modification of the 
Euler-Maclaurin endpoint contribution cancels between them. 

To complete our discussion of the core calculation, it remains only to justify 
the choice gm — An easy and appropriate way to do this is to show that the 
equation for the energy levels when the component of spin along the magnetic field 
direction is s gets changed from (1.12) to 

- indeed, this is precisely the formulation we made use of in the derivation. 



★ Readers unfamiliar with the Euler-Maclaurin formula might enjoy checking it on g{x) = . 
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For elementary (unit charge, massless) fermions satisfying the Dirac equation 
it suffices to note that 

^^D^^-D, = g^'D^D, + ^[7^71i^M- • (1-18) 

Indeed the first, Klein-Gordon, term gives (1.12) and the second term corrects it; 
a trivial gamma-matrix manipulation casts this correction into the desired form 
(1.17) for s = ±i. 

For the vector bosons it is essential to start from the proper Yang-Mills equa- 
tions. We will obtain a description of unit charge spin-1 vector mesons by taking an 
SU{2) Yang- Mills theory and identifying the third component of internal isospin 
as the measure of charge. The Yang-Mills equation reads ^ 

^S-bg^ + 6«'"=4'^)(a^A?) - 9,4^) - e^^'A^^^Al^^) = . (1.19) 

To get the equation for the charged field we add the a — 1 component of (1.19) to 
i times the a — 2 component. We also linearize in the fluctuating fields A^^\A^'^\ 
Then defining A^+^ = A^^^ +iA^'^^ and removing the unphysical longitudinal mode 
by imposing 

L>^4+) = {d^ - aifVi^^ = (1.20) 
one finds after some straightforward algebra the equation 

D^D^aI+^ + 2i{d^Al^^ -d,A'j!^)Al+^ = (1.21) 

for A^^\ The first term on the left-hand side, with its covariant derivative, justifies 
the identification of ^4*^+^ as a unit charge field. Putting in the circular polarization 
vectors ■^(l,±i,0)^ that correspond to unit spin along the z direction of the 
magnetic field, we see that the second term indeed corresponds to the gyromagnetic 
ratio Qm — 2 for (1.17). 

f In this paragraph I will treat the indices as sub- or super-scripts according to typographical 
convenience. 
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The calculation presented above is quite direct and elementary, but the tricky 
integrals and non-covariant methodology are rather alien to the usual technique of 
perturbative QCD, which uses standard Feynman graphs and covariant perturba- 
tion theory. Can one identify the separate orbital and spin contributions in more 
elegant ways? Indeed one can, in at least two ways, as I shall now briefly indicate. 

The one-loop corrections to the effective action, which is - in another language 
- what we have been concerned with, are given as logarithms of powers of the 
determinants of the operators in the action acting on the various fields. For scalar 
fields we get the logarithm of the inverse square root of the determinant of the 
Klein-Gordon operator which acts on the scalar field; for the spinor (quark) fields 
we get the logarithm of the determinant of the Dirac operator; and for the vector 
(gluon) fields we get the logarithm of the inverse square root of the determinant 
of the modified Klein-Gordon operator that appears in (1.21). For the scalar and 
spinor fields, these determinants are calculated very efficiently as the simple one- 
loop vacuum polarization graphs. The running of the coupling in scalar or spinor 
QED can be calculated this way in a few lines, and it was known for at least 20 
years prior to the discovery of asymptotic freedom [15]. 

With a little ingenuity and a lot of hindsight we can now see, without calcu- 
lation, that the QCD result is essentially implicit in the QED result, as follows. 
To get the determinant of the Dirac operator for the spinor fermions we may take 
the square root of the determinant of the square of this operator, which is the 
Klein-Gordon operator modified by the magnetic moment term as in (1.18). Now 
we recognize that we could do the calculation in an alternative way by using the 
perturbation rules appropriate to (1.18), including an explicit magnetic moment 
coupling and a quadratic propagator. In this form the calculation resembles that 
for scalar particles, but we must remember to change the overall sign since we 
want the log of the determinant whereas by treating the spinors as bosons we shall 
obtain the inverse determinant. (Note that the square root has taken care of it- 
self, since we squared the Dirac operator.) Thus by comparing the known spin-0 
and spin-1/2 results we can determine the coefficients of the two terms in (1.4) 
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separately. Since the form of this expression, given those coefficients, was derived 
from very general considerations, the complete answer - which, of course, includes 
asymptotic freedom - follows immediately. 

Another very elegant way to get the effective action is to use the Schwinger 
proper time technique [16]. This technique allows one to find the effective action in 
a constant field simply and exactly from the single-particle dynamics; and it also 
naturally separates the orbital and spin contributions. But to discuss it properly 
would take too much time, and I want now to turn to other, more down-to-earth 
matters. 

2. Asymptotic Freedom in Action: Gluonization of the Proton 

In §3 I shall give a very broad-brush sketch of some of the outstanding phe- 
nomenological applications of asymptotic freedom; but first I would like to discuss 
one, that is both topical and particularly close to my heart, in a little more depth. 

2.1. 'X-Raying' the Proton at Various Resolutions 

Though in a broad sense one could regard both classical microscopy and atom- 
smashing experiments in the tradition of Rutherford and Geiger-Marsden as pre- 
cursors, sophisticated conscious use of scattering experiments to probe the micro- 
scopic structure of matter really came into its own with the development of x-ray 
diffraction. The deep inelastic scattering experiments of Friedman, Kendall, and 
Taylor [17], which marked an epoch in particle physics, represent in many respects 
the logical continuation of this development into the sub-protonic domain. The 
relativistic nature of the phenomena in this domain, evidenced concretely in the 
abundant production of antiparticles, introduces essentially new features. How can 
one discuss the interior structure of an object, when the number and type of its 
constituents is ill-defined? What does it mean, to take a 'snapshot' of an object, 
when its constituents move at close to the speed of fight and the fimitations of the 
concept of simultaneity, always present in principle, really start to cut? Because 
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of questions like these, it requires care and some special technique to extract the 
important dynamical, space-time information contained in the appropriate exper- 
imental measurements. 

In deeply inelastic scattering, one bombards the hadronic target - in the sim- 
plest case, a proton - with high-energy leptons, and observes the momentum and 
energy of scattered leptons. The fundamental electromagnetic or weak interaction 
couphngs of the leptons are assumed known, and those of the hadrons are summa- 
rized in the matrix elements of appropriate vector and axial currents J^. Within 
this framework, then, the experimental procedure can be regarded as an exami- 
nation of the proton with well-characterized probes. For simplicity I shall mostly 
discuss the electromagnetic process here. 

In an inclusive measurement one sums over the final state, so the object of 
interest is the current product 

lib (J (J 

where for simplicity I have taken the average over proton spin, although there is 
much interest these days in the additional amplitudes that appear when this vari- 
able is restored. The appearance of the commutator (as opposed to the product), 
will be justified momentarily. Here of course p is the proton's 4-momentum and 
m its mass, = —q^, and x = ^ = The cross-section is given in terms of 
these quantities as 

^''^ (2Wism^- + W2Cos^-) , (2.2) 



dQdE' 4£;2sin4f 

where E, E' are the energies of the initial and final lepton, and 9 the scatter- 
ing angle. Evidently, then, Wi{x,Q'^) and W2{x,Q'^) are conveniently observable 
quantities. 
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The invariant mass^ of the final state is 



{p + qf = ml^2pq^q^ = ml^Q^{--l) > ml, (2.3) 



Thus changing the sign of q or equivalently y on the right hand side of (2.1) leads 
to a vanishing quantity, and one can replace the current product by a commutator. 

Most interest attaches to isolating the influence of the fundamental degrees of 
freedom. In quantum field theory, these manifest themselves most clearly in the 
singularities they generate when propagating (as virtual particles) along approxi- 
mately light-like world lines. Thus it proves fruitful to focus on the behavior in the 
kinematic regime where simultaneously a large energy is transferred to the proton 
and the infiuence of the ~ region is amplified. To identify this regime let us 
go to a frame in which the proton is at rest and the three-momentum transfer is 
in the z direction; then 

Thus for large z/ we have for the so-called light-cone variables 



+ q-^ 

m 

,0 ^3 ^2 ' ^ 



(2.5) 



- 5^ ~ q /— = -m/2x . 
m 

The integrand in (2.1) will therefore be very rapidly oscillatory unless 

+ ^ 2x/m 
\y - y \ ^ m/i' . 

The restrictions of (2.6) are consistent with y^ ^ only if the components y^jy"^ 
of y transverse to q are small of order ■m/iy. 
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Wc can expect to get the most interesting information, relating directly to the 
fundamental degrees of freedom, by studying the limit u ^ oo at fixed x, because 
in this limit one finite space-time parameter (y*^ + y^) is fixed and the others scale 
uniformly to zero. In other words, these elementary considerations direct us toward 
the famous Bjorken limit [18]. 

If the singularities of the current commutator, as a function of nearness to the 
light-cone at a fixed distance from the origin, have a simple scaling form, then 
so will the structure functions W as functions of and x. This hypothesis is of 
course true in free field theory, and leads to a very specific form, i.e. Bjorken scaling 
[18]. In an interacting field theory, one in general anticipates deviations from this 
behavior. These deviations are in some sense minimized in an asymptotically free 
theory such as QCD but, as we shall soon see dramatically emphasized, they are 
by no means uniformly small. 

The expression (2.1) with a commutator is given by twice the imaginary part of 
the expression with a time-ordered product. This in turn is related by a dispersion 
relation in i.e. u, taken at fixed large so as to probe the Bjorken limit, to 
the amplitude governing forward "Compton" scattering for the current in question 

- all this being a sophisticated version of the optical theorem. In this way the 
deep inelastic process, treated inclusively, becomes quite analogous to coherent x- 
ray diffraction as a probe of the structure of matter, with the crucial additional 
feature that the variable is adjustable - as if one had access to x-rays of arbitrary 
(actually, negative) mass^. 

2.2. Partial Wave, or Moment, Analysis [19, 20] 

For a reason that will soon become apparent, we will want to focus our analysis 
around the singularities in the time-ordered product of the currents at nearly light- 
like separations - i. e. precisely the sort of product that governs high-energy virtual 
Compton scattering, as just mentioned above. These singularities are best exposed 
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using Wilson's operator product expansion [21], viz. 

2 -, oo 



1 1 1 f d ^\ X 

- y)Mb; -2 ^) = 2 ^'"'^ ( ) ^2 _ 5^ 5^ " ^e|/o)C;i • • (0)?/ 

\ y / y yo „_n 



oo 



n=0 i 



(2.7) 

where the omitted terms are subleading for y"^ 0. The O represent local oper- 
ators with the appropriate quantum numbers. From the form of (2.7) , one sees 
immediately that they may be taken as traceless, and that the most important 
operators of each spin are those of the lowest mass dimension, as these will tend 
to have the most singular coefficients. In principle the degree of singularity of 
the coefficient functions is independent of the mass dimension of the operators - 
anomalous dimensions - so that the formally subleading operators could in real- 
ity dominate, but in an asymptotically free theory, as we shall see, corrections to 
naive scaling are only logarithmic. The indices a, 6 on the currents are flavor in- 
dices, meant to convey the possibility to probe different combinations of operators 
using various weak* electromagnetic currents and scattering off different nuclear 
targets. 

In QCD the relevant leading operators are easily identified to be 



—trace terms. 



—trace terms. 



n/nF,a ■ n—1 - - — — ^ 



(2.8) 



(2.9) 



—trace terms. 



★ For weak, parity-violating currents there is an additional important structure function F3 
in (2.1). 
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where the color indices have been suppressed, and (2.9) , (2.10) are respectively 
the flavor singlet and non-singlet operators. S denotes symmetrization over the 
Lorentz indices. 

The Wilson coefficients are directly related to observables according to the 
moment relations 

Jo 

(2.11) 

dx x^F^\x,Q^) = J2CiT^^ i<^,b;Q^) Ml^+^ , 



where following a universal though somewhat redundant convention we introduce 
Fi = Wi, F2 = ^W2, and where 



and 



2 ' V dQ^ 

y - 



(0)|p)spin average 

1 • (2.12) 



m 

up to terms suppressed by These relations are derived by substituting the 

operator product expansion for the time-ordered product into the dispersion re- 
lation connecting this product to the commutator, and identifying coefficients in 
the high-energy asymptotics at fixed Q^. This somewhat roundabout procedure 
is necessary because the expansion of the commutator cannot be used directly; 
indeed, when inserted into integrals hke (2.1) it is ordered in powers of |f ~ ^, 
and only converges for very large x, which is the unphysical region. 

The coefficient functions in the operator product expansion are both funda- 
mental and convenient, because they relate directly to the operator structure of 
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the theory, without reference to the very compUcated eigenstate structure. One 
consequence is that they obey simple renormahzation group equations of the form: 

g'^c'(")(g2,^) = {m§^-7^''^)c^'HQ^9)- (2.13) 



Here of course 



encodes the running of the couphng as discussed in the §1, and the 7s are the 
so-called anomalous dimensions of the indicated operators. These equations have 
a very transparent physical interpretation, along the lines of our earlier discus- 
sion of the running coupling. In that discussion, we saw that it is appropriate to 
renormalize the charge as one considers physical processes at different momentum 
scales. Formally, this was embodied in the process of renormalizing the operator 
G^pG°'°^^ that appears in the Lagrangian. For the same reasons, it is appropriate 
to renormalize the operators that appear in the operator product expansion; and 
this is the physics embodied in (2.13). Note that when one has two operators with 
the same quantum numbers they generally mix under renormahzation; thus the 
gluon operators (2.8) and the singlet quark operators (2.9) are coupled together 
by a non-trivial 2x2 matrix 7. 

These equations can be used to relate the coefficient functions at one 

g2 to 

those at another, by the method of characteristics. Indeed, in the flavor non-singlet 
case, where the equation has only one component, we have 

exp(- j l^^HgiQ')) d{\nQ^))C(-\Qlg{Q^)) . ^^'^^^ 

In the flavor-singlet (two-component) case we have a similar equation with C inter- 
preted as a two-component vector and an ordered matrix exponential is understood 
in (2.15). 
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Because of asymptotic freedom, the coupling g{Q'^) gets driven to small values 
at large Q^, and one exploits (2.15) together with perturbation theory to obtain 
approximate expressions for the coefficient functions, which according to (2.11) 
translate directly into predictions for experimental observables. 

2.3. Gluonization of the Proton 

The formal framework in which deep inelastic scattering is properly analyzed 

has now been set out; it remains to extract specific concrete results, and to interpret 
them [22]. 

The solution (2.15) of the renormalization group equations for evolution of the 
coefficient functions can be taken to a numerical level using perturbation theory if 
the effective coupling g{Q^) is small over the range of extrapolation. If on the right- 
hand side one simply ignored the multiplicative prefactor - i.e. set the anomalous 
dimensions to zero - and put g{Q'^) = in the rescaled coefficient factor, one 
would reproduce the results of a free field theory of quarks: the parton model. 
There are two types of corrections to the parton model predicted: multiplicative 
corrections, from exponential involving the anomalous dimensions, and additive 
corrections, from expanding the coefficient functions in the small parameter g{Q'^). 
The additive corrections are interesting, especially where they correct the parton- 
model sum rules or when (as in the correction to the Callan-Gross [23] relation) 
the leading term vanishes. However the potentially large, cumulative corrections 
are the multiplicative ones, and I would like here to focus on them. 

The numerical values of the anomalous dimensions, to lowest non-trivial order, 
were first calculated in [19, 20]. They are as follows: 
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{n)F r4 2 , 

(n)l^ ^ g'^ r -2ng(n^ + 72 + 2) -, 
~ 87r2 L n(n+ l)(n + 2) ^ 

(n)F ^ g^ r 8 n2 + n + 2 . 
" 87r2 L 3 n(n2 - 1) ^ ' 

where the indices describe the mixing in the flavor- singlet case, e.g. 7^"*^ 
parametrizes how (2.9) mixes into (2.8) as the scale increases, and Uq is the 
number of relevant quark species. For the flavor non-singlet channels, only 7^''^ 
is relevant. The general tendency is that the eigenvalues are positive and increase 
with n, which in turn indicates that the higher moments of the structure functions 
tend to fall ever more rapidly with increasing Q^. On the other hand for the singlet 
channel and n — 2 the anomalous dimension matrix has a zero eigenvalue, corre- 
sponding to the non-renormalization of the energy-momentum tensor. So there is 
a non-trivial portion of the area under the curve ^2(2;, Q'^) which is conserved as 
Q2 ^ 00. Putting this observation together with the previous one, we are led to 
expect roughly speaking that this structure function will evolve toward something 
resembling a Dirac delta function at a; = as — > 00. 

It is, naturally, of the highest interest to characterize this phenomenon more 
precisely. To do it, several of us [24, 25], within months of the original discovery 
of asymptotic freedom, exploited Mellin transform technique both to invert the 
moment problem and to extract the x ^ asymptotics. The Mellin transform is 
of course the standard mathematical tool for inverting moment problems of the 
type confronting us here. Indeed, this technique has two special advantages in 
the present context. First: its convolution theorem immediately indicates that 
the factorization of matrix elements times coefficient functions on the right-hand 
side of (2.11) translates into a simple convolution integral expressing the structure 
function at one in terms of the structure function at some reference Qq and 



27 



a kernel which is entirely determined by the evolution of the coefficient functions, 
and thus by the fundamental microphysics, untangled from any dependence on the 
target. Second: it gives us an explicit analytic expression for this kernel, in a form 
most suitable for asymptotic estimates. 

This is not the place to enter into algebraic details, and I will now simply 
describe the main result. The most singular part of the kernel comes from the 
right-most singularity of the anomalous dimensions, which occurs at n = 1 in 
the singlet channels that generate gluons. This singularity in the evolution kernel 
evolves a structure function which grows as a; in a calculable way from one that 
does not, and under rather mild assumptions this effect dominates the observable 
small-x structure functions at large Q^. It predicts the asymptotic form 

lnF2 ^ 2(^ln(is:in^)ln-)^ + less singular , (2.17) 

where > 1 is a numerical constant. 

It is quite remarkable, I think, to find such a precisely defined but peculiar 
asymptotic behavior, slower than any power but faster than any power of a loga- 
rithm, appearing in fundamental physical theory. 

These predictions of 1974 waited almost 20 years before they could be decisively 
compared with experiment. Perhaps the most profound achievement of the HERA 
accelerator has been precisely to accomplish this. The results, displayed in Figure 
1, are extremely gratifying. Allow me to emphasize that here we are not speaking 
of small corrections, but of wholesale 100%) violations of naive Bjorken scafing. 
The point is that effects which are perturbative, and therefore small and calculable, 
within each differential interval, accumulate in these multiplicative corrections 
to build up a large yet still precisely calculable total. 

One might well be concerned that perturbative calculation of the anomalous 
dimensions might break down near the singularity, and that this would invalidate 
the results we extracted by taking its perturbative form at face value. And indeed. 
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if one were to attempt to go strictly to a; = at any fixed Q^, however large, 
one would certainly run into trouble. Fortunately, R. Ball and S. Forte [27] have 
demonstrated that one can reorganize the calculation, taking x small and large 
in a correlated way, so that perturbation theory is manifestly valid throughout 
the whole range of HERA measurements. So the truly remarkable fit between 
theory and experiment demonstrated in Figure 1 is hardly a fluke. Indeed, by 
further refining the analysis [27] these authors have extracted from the rise in the 
structure function with at small x a numerical value of the effective coupling 
that is consistent in value with, and comparable in accuracy to, the other best 
determinations . 

2.4. Interpretation 

The preceding analysis is precise and physically rigorous, but perhaps lacking 
in intuitive appeal. There is an alternative approach to these results, which is 
less rigorous but perhaps more transparent. It was made popular in the context 
of QCD by Altarelli and Parisi [28], though related discussions date back to the 
earhest days of parton theory [4, 29]. 

This is not the place for a self-contained review of the parton model. Let me 
only recall, that in this model the deep inelastic scattering is modelled as scattering 
off point-like constituents - originally abstract partons, later taken to be quarks, 
and, of course, in the modern formulation colored quarks and gluons. In this formu- 
lation, the structure functions are essentially suitably weighted densities of these 
constituents, with the structure function at a given x measuring the densities with 
momentum fraction xp of the proton momentum in the infinite momentum frame. 
In the original parton model these densities were supposed to be independent of 
Q^] we are concerned with the refinement of that picture, to take into account the 
internal structure of quarks and gluons. 

According to this refinement, when one "looks at" the proton with photons of 
larger and larger Q^, one is viewing its constituents with finer and finer resolution. 
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and better perceiving their internal structure. One may find that what appeared 
to be a quark is resolved instead as a quark + gluon, for example. The constituents 
of the quark will have smaller momentum fractions, i. e. smaller values of x. An 
alternative to describe the same phenomenon, is to say that in response to a more 
violent kick the quark has some chance of radiating a gluon. In any case, as one 
takes ever higher, the structure functions is expected to shift toward smaller 
and smaller x values. This is, of course, just the behavior we inferred from the 
more rigorous arguments and calculation. 

The dominant effect is that quarks and gluons bremsstrahlung soft gluons, 
which in their turn bremsstrahlung soft gluons, ... . This simple but fundamental 
qualitative effect is quite directly the cause of the dramatic HERA phenomenon. 
It is also, at least metaphorically, the central phenomenon of asymptotic freedom 
itself: when we closely examine a color charge, we find that at its core it dissolves 
into a cloud of soft glue. 

3. The Significance of Asymptotic 
Freedom in Fundamental Physics 

The consequences of the asymptotic freedom of QCD ramify throughout fun- 
damental physics. I would like now very briefiy to summarize the principal ones. 

3.1. Analysis of Data: from Tests to Backgrounds 

A great wealth of data has been explained quantitatively by perturbative cal- 
culation of processes characterized by a large energy and momentum scale. Of 
course, it is only because of asymptotic freedom that such calculations make sense. 
Very extensive reviews are available [30] ; here I will only mention a few highlights: 

• Inclusive jet processes: 

Perhaps the most awesome verification of asymptotic freedom and perturbative 
QCD, considering the energetic sweep of the experiment and the variation in the 
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predicted quantities over many orders of magnitude, is the one displayed in Figure 2 
[31]. It shows a comparison between the cross-section for inclusive jet production as 
a function of transverse energy as predicted and measured. The jets, of course, are 
interpreted as indicating the energy and momentum associated with an underlying 
quark or gluon that has been produced in a high momentum-transfer collision. 
One would not expect the process of evolution from an underlying quark or gluon 
into hadrons to distort the conserved quantities of total energy and momentum 
in a gross manner, because the dressing process is soft - the quarks and gluons 
interact only weakly with highly virtual particles! Thus, as is borne out by more 
precise, detailed calculations, the microscopic process is accurately reflected in 
these observables. At a slightly more technical level: by taking the inclusive cross- 
section, one removes sensitivity to other scales; then, because the underlying hard 
collision that produces the jet-initiating quark or gluon involves a large energy and 
momentum transfer it is governed by a small effective coupling, and accurately 
calculable. 

• Antenna patterns: 

Z boson decays provide, from the point of view of QCD, a copious source of very 
clean initial states. The lowest order description is that the Z decays into various 
qq pairs; these are produced at large energy and relative momentum and thus are 
predicted to produce two independent jets. At next order in the small coupling 
(7^(M^) there is the possibility of gluon emission, which produces three-jet events. 
The relative frequency of such events, as well as the detailed "antenna pattern" of 
energy and angle distribution is fully calculable, and reflects the existence of the 
gluon and the basic underlying microscopic coupling ultimately responsible for the 
strong interaction in almost ideally direct form. The measurements agree quite 
accurately with the detailed predictions, as displayed in Figure 3 [32] . 

• Heavy quark spectroscopy: 

In forming the ground state of a Coulombically bound quark-antiquark sys- 
tem, the most important distances are of order the Bohr radius {asmq)~^ or less; 



31 



the relevant part of the potential therefore derives from exchanges at momentum 
transfers of order a^mg or greater. If this is sufficiently large that the appropriate 
value of the running coupling ^^((asmg)^) is small, the perturbative treatment is 
self-consistent and not grossly inaccurate. One therefore expects a spectrum which 
roughly resembles that of positronium. This expectation is famously borne out in 
the cc J/%1) family and the hh T family of resonances. When perturbation theory is 
cunningly combined with non-perturbative information from lattice gauge theory, 
it becomes possible to calculate the spectrum with astonishing accuracy. Figure 4 
[33] indicates the state of the art. 

• The running coupling: 

It is, of course, of fundamental interest directly to check that the measured 
coupling runs according to the predictions of asymptotic freedom. A plot incorpo- 
rating data from a wide variety of experiments is given as Figure 5; clearly there 
is impressive agreement between theory and experiment. I will not attempt to do 
justice to the different experiments, but confine myself to a few general remarks. 

Because of the way that the strong coupling runs, decreasing as the (energy 
or momentum)^ scale increases, testing QCD by measuring the couphng as a 
function of has a two-faced character. At large the predictions are very 
precise - the coupling gets small, and we can do accurate calculations. Also mass 
corrections, which are non-perturbative and generally difficult to control theoreti- 
cally, are suppressed by powers of mass^ over Q^. At small the theory is much 
harder to control and make precise, but if you are interested in quantitative results 
for as there is a large premium for working at small Q^. 

So if your goal is simply to check that QCD is right, then you want a unique 
prediction and the high energy processes are particularly favorable. But if you 
want to determine ag precisely quantitatively, then the low energy determinations 
have a big advantage. This is the two-faced character I mentioned. 

These features are clearly evident in the classic plot of running couplings mea- 
sured at different Q^, Figure 5 [34]. You see that at low there is a big spread 
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in the predictions for different values of the couphng, so that is where you can 
measure what as is. 

On the other hand for very large we find - most remarkably - a more or 
less unique prediction for the value of the physical parameter as{Q'^)- Almost any 
reasonable value of Aqcd, the value where formally ctg ~ 1 which sets the overall 
scale for the strong interaction, will give you within about 10% the same result for 

ftcj at large Q^. This profound result essentially realizes, for the strong interaction, 
the analogue of Pauli's dream of calculating the fine structure constant. 

I beheve there is no longer a serious question of testing QCD as such. QCD 
has won a secure and permanent place as a valid description of a large domain of 
experience. 

This situation is reflected in the phrase 'QCD backgrounds' that one now so 
often hears in analyses of high-energy experiments. Implicit in this phrase is the 
philosophy that a deviation from QCD predictions will be treated as an additional 
piece of new physics, for example as indicating that a new class of particles or 
interactions exists, rather than as an indication that QCD itself must be modified. 

A profound justification for this attitude is that QCD is a principled theory, 
based on concepts of gauge invariance and universality that cannot be fudged. Thus 
if the theory agrees with experiment even approximately (as, obviously, it does), 
there is a powerful sense in which it - that is, the principles which it embodies - 
must be a true, permanent insight into Nature. 

So much for the direct experimental significance of asymptotic freedom in QCD. 
Now I would like briefly to discuss how this result either directly precipitated or 
helped to catalyze three conceptual revolutions. 
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3.2. First Conceptual Revolution: Quantum Field Theory is In- 
carnated 

The discovery of QCD and asymptotic freedom changed the way people regard 
quantum field theory. It made it clear that one must take quantum field theory, 
including its ultraviolet problems and its non-perturbative aspects, deadly seriously. 
As I mentioned before, this attitude was by no means universally shared prior to 
their discovery. 

As I trust is by now abundantly clear, the old "problem" of infinities in per- 
turbation theory, and the effects of highly virtual particles which give rise to them, 
lie close to the very root of all the marvelous success we have had in predicting 
experimental results using asymptotic freedom in QCD. Whereas in QED and elec- 
troweak theory higher order effects of quantum field theory generally provide small 
corrections, in QCD they are much larger quantitatively. Two- and even three-loop 
calculations are needed to address the data adequately. And of course the loga- 
rithmic infinities due to highly virtual quanta of large invariant mass are directly 
responsible for the running of the coupling, which is the conceptual foundation of 
all QCD phenomenology. Thus to the extent that the predictions of QCD pertur- 
bation theory are verified, the detailed structure of quantum field theory and its 
renormalization program stand dramatically vindicated. The question is no longer 
the validity of these concepts, but how to do them justice. 

For the phenomenological success of QCD and asymptotic freedom in describ- 
ing a wide variety of hard processes using souped-up methods of perturbation the- 
ory does not, of course, remove the challenge of understanding non-perturbative 

aspects of the theory. Perhaps nothing exhibits this challenge so clearly as the 
fundamental formula of dimensional transmutation. QCD at the classical level 
contains only a dimensionless coupling and is scale invariant* On the other hand 

★ Strictly speaking this holds only for massless quarks, but the essence of the following argu- 
ment is valid generally. 
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physical hadrons have definite, non-zero masses. How does a parameter with di- 
mensions of mass emerge from a fundamentally massless theory? It happens be- 
cause the running of the coupling, which is an inevitable result of quantizing the 
theory, implicitly defines a mass scale: 

A = lim Qe-'=i/^'(Q')[^2^Q2-)|C2 _ ^31^ 

Here ci and C2 are definite numbers that can be read off from the first two terms in 
the renormalization group /3 function. The main point is that the limit on the right- 
hand side exists and defines a finite mass. All other masses in the theory, including 
the masses of particles in the spectrum, can be expressed as pure numbers times 
this one. Once the boundary condition for the running coupling is determined 
the theory is completely fixed, there is no other remaining parameter nor any 
independent scale. For our present discussion the most significant point is that all 
hadronic masses therefore will be, like A, non-perturbative in g^. The challenge 
could not be clearer. 

The challenge of understanding non-perturbative effects in QCD has led to 
several remarkable developments. Perhaps the most important single result is that 
there is now a convincing case that the microscopic theory of QCD actually does 
give rise to the confinement of quarks and gluons inside hadrons. One demon- 
strates this by showing, using computer simulation, that there is no qualitative 
change (phase transition) between strong-coupling expansion of the discretized lat- 
tice theory, in which confinement is manifest but Lorentz invariance is violated - 
and the continuum limit, in which Lorentz invariance is manifest but confinement is 
not [35]. The apphcation of Monte Carlo methods, semiclassical approximations, 
and large N expansions [36] for quantum field theories have been highly devel- 
oped, with QCD as one of the important original motivations but now ramifying 
into many other areas. 

A particularly striking discovery is the possibility of non-perturbative P and T 
violation in QCD: the famous 9 term [37]. What seems to be the most satisfactory 
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approach to understanding why this potential source of P and T violation is in 
fact highly suppressed (as shown by the smallness of the neutron's electric dipole 
moment) was suggested by Peccei and Quinn [38]. It involves the existence of a 
new light boson, the axion, with remarkable properties [39]. If axions do exist, they 
may be very important for cosmology, plausibly even supplying the astronomer's 
"missing mass" , which is about 90% of the Universe by weight. 

The development of QCD had a curious effect on string theory. Its immediate 
impact was certainly to kill much of the interest in string theory, which of course 
was originally developed as a model of the strong interaction. By providing a cor- 
rect microscopic theory of the strong interaction based on quite different principles 

- and incorporating in a central place point-like interactions at short distances 
that are quite difficult to reproduce in a theory containing only extended objects 

- QCD removed from string theory its initial source of motivation. For the longer 
term however the story is more complicated, and its conclusion is not yet clear. 
By emphasizing that the short-distance properties of quantum field theory must 
be taken deadly seriously, and that the "problems" encountered in perturbation 
theory are not mere mathematical artifacts but rather signify deep properties of 
the full theory, the development of QCD made the corresponding - apparently in- 
tractable - problems encountered in the perturbative expansion of Einstein gravity 
seem that much more weighty. Thus the discovery that string theories can incor- 
porate Einstein gravity while avoiding its bad short-distance behavior is properly 
regarded as a powerful argument in favor of these theories. 

3.3. Second Conceptual Revolution: Unification Becomes a Scien- 
tific Enterprise 

To achieve a unified description of apparently vastly different aspects of Nature 
is certainly a major esthetic goal of the physicist's quest. In the past it has also 
been a fruitful source of essentially new insight: Maxwell's fusion of electricity and 
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magnetism transformed our understanding of optics, and vastly generalized it; Ein- 
stein's fusion of special relativity with gravitation transformed our understanding 
of space-time and cosmology. 

The development of QCD and asymptotic freedom has enabled us to add a 
major new chapter to the story of unification. There are two aspects to its contri- 
bution. First, the mathematical resemblance of QCD to the gauge theories of weak 
and electromagnetic interactions immediately suggests the possibility of a larger 
gauge theory encompassing them all. Georgi and Glashow [40] constructed a com- 
pelling model of this kind almost before the ink was dry on asymptotic freedom. 
Second, the running of couplings removes the major obvious - superficial - diffi- 
culty in the way of implementing such an extended gauge symmetry, that is the 
disparity of coupling strengths as observed at accessible energies. Georgi, Quinn, 
and Weinberg [41] showed how to use the renormalization group as a quantitative 
tool in investigating unification. The running of the couplings makes it possible to 
study ambitious unification schemes quantitatively, and compare them to observa- 
tions. 

The logic that enables one to connect unification ideas quantitatively with 
low-energy observations is as follows [42]. One observes three a priori independent 
couphngs, corresponding to the three gauge groups SU{3) x SU{2) x U{1) of the 
standard model, at low energies. In a unified theory these couplings are in reality 
not independent, but derive from a single coupling. The difference between their 
observed values at low energies must be ascribed to the different evolution of the 
respective running couplings down from the energy scale of unification. The run- 
ning of these couplings is basically determined by the particle content of the theory, 
given two inputs: the energy at which the large gauge symmetry broke (often called 
the GUT scale), and the value of the coupling at that scale. Since therefore three 
observed parameters arise from two input parameters, they are overconstrained. 
Given a specific unified model, the constraint may or may not be met. If it is not 
met, we must discard the model. If it is met, then that fact is a highly non-trivial 
success for the model and for the assumptions that go into the calculation. 
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In connection with unification it is profoundly important that the coupUngs run 
slowly; that is, logarithmically with energy scale. Since there is a big discrepancy 
between the effective strong and weak couplings at presently observed energies, 
there are factors of the type C" relating current accessible scales to the unification 
scale. In typical models the GUT scale turns out to be of order 10^^ — 10^^ GeV. 
This mass sets the scale for exotic processes that occur through exchange of gauge 
bosons which are in the unified group but not in SU{3) x SU{2) xC/(l), including 
proton decay. Also its large value is definitely smaller than, but not incommensu- 
rate with, the Planck energy Mpi ^ 10^^ GeV. where the gravitational interaction 
becomes strong. This closeness hints at an organic connection between gravitation 
and traditional particle physics. On the other hand the fact that the GUT scale 
is significantly smaller than Mp\ makes it plausible that we can calculate the run- 
ning of the couplings all the way to unification without encountering significant 
corrections from quantum gravity. 

Until a few years ago the minimal unified model, based on the unifying gauge 
group SU{5), gave an adequate fit to the data. That is, the observed couplings 
satisfied, within their quoted uncertainties, the constraint derived in the manner 
described above for this model. This represents a truly extraordinary triumph for 
quantum field theory, extrapolated far far beyond the domain of phenomena it was 
designed to describe. It also might seem at first sight to be rather depressing, since 
it suggests a vast "desert" between present energies and the GUT scale. To be 
more precise: if we do not believe the success of this calculation to be an accident, 
we must not only take unification seriously, but also make sure that unification 
schemes more elaborate than the simplest possible one manage to give something 
close to the same answer. 

Those intent on populating the desert - or (techni-) colorizing it - should be 
required to submit an appropriate environmental impact statement! 

Recent, beautifully accurate measurements of standard model parameters from 
LEP and elsewhere have made it clear that actually minimal SU (5) doesn't quite 
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work. The observed couplings are close to satisfying its constraint, but the dis- 
crepancy is now well outside the error bars, as shown in Figure 6. 

There are various possibilities for addressing the discrepancy, among which one 
seems especially noteworthy. The noteworthy possibility is that the quantitative 
study of unification of couplings has uncovered evidence for virtual supersymmetry. 

There is a standard litany of the virtues of supersymmetry, probably familiar to 
all of you: it enables a new level of unification, between particles of different spin; 
it ameliorates the gauge hierarchy problem; it is necessary to eliminate tachyons 
in superstring theory. But in any accounting of the virtues of supersymmetry, one 
entry is conspicuously meager: the list of its experimentally verified consequences. 

How does supersymmetry affect the running of the couplings? It might seem 
at first glance that its effect is bound to be catastrophic, since it roughly doubles 
the particle spectrum. It might seem that all these new virtual particles would 
inevitably induce a drastic change from the nearly successful results for minimal 
SU{5). However, it is an important fact that adding complete SU{5) multiplets to 
the theory affects the calculation of the constraint among observed couplings arising 
from unification of the couplings only very little. This is because, roughly speaking, 
virtual particles forming such complete multiplets affects all three couplings in the 
same way. They change the value of the unified coupling at the GUT scale, and 
can slightly modify the size of that scale, but to a good approximation they leave 
the constraint among observed couplings unchanged. 

Since supersymmetry is basically a space-time, as opposed to an internal, sym- 
metry, the minimal extension of the unification scheme to incorporate supersymme- 
try does not fundamentally change its group-theoretic structure. One simply dou- 
bles all the complete SU (5) multiplets that were in the original model, by adding 
their supersymmetric partners. The gluinos do not occur in complete multiplets, 
but their contribution has the same structure as that of the ordinary gluons, and 
therefore they do not alter the group-theoretic structure of the calculation. (They 
do significantly alter the predicted GUT scale and couphng.) 
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The Higgs multiplcts form a significant exception, however. The Higgs particle 
in the standard model is not part of a complete SU{5) multiplet at low energies; its 
color triplet partner is capable of mediating proton decay, and must be extremely 
heavy. There is no convincing theoretical explanation of why it should be - this 
is one aspect of the gauge hierarchy problem. In passing to the supersymmetric 
version of the minimal unified model one must add the fermion partners of this 
standard model doublet. In fact, for slightly subtle reasons, one actually must add 
two such Higgs complexes, for it is impossible to maintain supersymmetry with 
only a single Higgs field giving masses to both up and down quarks. 

Thus in the minimal supersymmetric model one must add quite a few fields 
that do not form complete SU{5) multiplets and do affect the constraint among 
low-energy couplings. Remarkably, when this is done the modified prediction agrees 
with the accurate modern experiments, as is shown in Figure 7. 

If we take this agreement at face value, as an indication for the effect of virtual 
supersymmetry, it augurs a bright future for experimental high energy physics. 
If supersymmetry is to fulfill its natural role in ameliorating the gauge hierarchy 
problem, it cannot be too badly broken. Specifically, if the the cancellation between 
virtual particles and their supersymmetric partners is not to generate corrections 
to the Higgs mass which are formally larger than that mass itself, the generahty 
of superpartners cannot be much heavier than Mw/a 10 TeV. Some are 
expected to be considerably fighter. Thus they fall within the range of foreseeable 
accelerators. Also, although supersymmetric unification raises the GUT scale and 
thus decreases the rate for proton decay by exotic gauge boson exchange, it does 
not do so by an enormous factor. The predicted range of rates, although safe from 
existing bounds, does not seem hopelessly out of reach. 
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3.4. Third Conceptual Revolution: The Early Universe Opens to 
View 

The position of very early universe cosmology just prior to the discovery of 

asymptotic freedom is well conveyed in Weinberg's classic text [43] (1972): 

"However, if we look back a little further, into the first 0.0001 sec of cosmic 
history when the temperature was above 10"^^ K, we encounter theoretical problems 
of a difficulty beyond the range of modern statistical mechanics. At such temper- 
atures, there will be present in thermal equilibrium copious numbers of strongly 
interacting particles - mesons, baryons, and antibaryons - with a mean interparti- 
cle distance less than a typical Compton wavelength. These particles will be in a 
state of continual mutual interaction, and cannot reasonably be expected to obey 
any simple equation of state.'" 

This pessimistic picture changed overnight when the discovery of asymptotic 
freedom. Instead of being mysterious and intractable, matter at extreme temper- 
atures and densities becomes weakly interacting and its equation of state simply 
calculable. This development, together with the ideas of unification just men- 
tioned, opened up a vast new field of investigation. It becomes possible to make 
reasonable guesses for the behavior of matter under much more extreme conditions 
than the mere 10^^ K mentioned by Weinberg, and to calculate the consequences 
of various unification scenarios for cosmology with some confidence. 

What has emerged from this opening [44]? There is now at least one plausible 
scenario, based on baryon-number violating interactions at the grand unified scale, 
for how the asymmetry between matter and antimatter could have developed from 
a symmetric starting condition. Much recent work has been devoted to the pos- 
sibility of developing such an asymmetry at the weak scale, though the viability 
of this idea is presently unclear. Various unification models can be constrained 
cosmologically (for example if they create stable domain walls, contain too many 
massless neutrinos, or contain stable particles that would be produced in the big 
bang in sufficient abundance that they could not have escaped notice, ...). Most ex- 
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citing, plausible candidates for the "dark matter" or "missing mass" have emerged. 
These are particles that - given their existence - one can calculate would have been 
produced in the big bang in sufficient abundance to redress the mismatch between 
the density of ordinary matter observed directly or inferred from nucleosynthesis 
and the amount necessary to account for the gravitational dynamics of galaxies and 
clusters. It is also necessary, of course, that the postulated particles would have 
escaped observation to date. It is remarkable that two specific kinds of particles: 
axions as mentioned above, and LSPs (lightest supersymmetric particles) which 
arise naturally in supersymmetric unification as discussed below, seem to fit the 
bill. Heroic experiments are proposed to search for these particles, whose (very 
different) properties are reasonably definitely predicted. It would be difficult to 
overstate the importance of a positive detection. Finally, an impressive circle of 
ideas around inflation has developed. 

The ultimate value of these specific, very speculative ideas can't yet be reliably 
assessed. I believe, however, we can already conclude that the once seemingly 
impenetrable veil of ignorance described by Weinberg, which appeared to separate 
us from sensible scientific contemplation of the earliest moments of the big bang, 
will never again seem so formidable. Truly "we live in the age of the trembling of 
the veil." 

Acknowledgments: S. Treiman for helpful advice on the manuscript; and M. 
Alford, K. Dienes, C. Kolda, J. March-Russell, G. Jungman, R. Ball and S. Forte 
for help with the figures. 
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FIGURE CAPTIONS 



1) Comparison of the predicted behavior of the structure function at small x 
with observations at HERA, from [26], to which you are referred for details. 
As discussed in the text, the observed steep rise in the structure functions 
at small x and large Q^, displayed here, is a long-standing, no-parameter 
prediction of asymptotic freedom in QCD. Plotted is a comparison of data 
to a scahng curve based on (2.17). 

2) Inclusive jet cross sections as measured by the CDF collaboration, compared 
with theoretical expectations based on perturbative QCD. Note the scales. 
More recent work has shown improved the precision of the measurements 
and the quality of the agreement at the largest energies. 

3) Distribution in energy and angle of jets in 3-jet events from Z decay, compared 
to QCD and to various straw-man competitors. This is very direct and 
tangible evidence for the existence of gluons with the correct spin and form 
of coupling. 

4) Comparison of the T spectrum with calculations based on direct numerical 
simulation of QCD using a fine-grained lattice grid. Note that the only 
parameters in these calculations are the mass of the quark and the strength 
of the QCD coupling, both of which have precise meaning in the underlying 
microscopic theory. 

5) The coupling constant as determined from experiments with different charac- 
teristic scales, compared with the prediction of asymptotic freedom in QCD. 
There is no free parameter in this comparison. Moreover, within each exper- 
iment there are many phenomena which the theory must, and does, describe 
consistently, still with no free parameter. 

6) Extrapolation of the couplings measured at low energies towards higher en- 
ergies, using the formulae for their evolution discussed above, and assuming 
the minimal particle content of the Standard Model. The accuracy of the 
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experimental determinations are indicated by the thickness of the hnes. 

7) Modification of the previous figure, if one includes the effect of adding the 
minimal set of particles necessary to implement supersymmetry near the scale 
of electroweak symmetry breaking. The constraint implied by unification is 
now satisfied. 



48 



Inclusive Jet Cross Section 
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